The genome of Vibrio cholerae encodes two higBA toxin-antitoxin (TA) modules that are activated by amino-acid starvation. Here, the TA complex of the second module, higBA2, as well as the C-terminal domain of the corresponding HigA2 antitoxin, have been purified and crystallized. The HigBA2 complex crystallized in two crystal forms. Crystals of form I belonged to space group P2 1 2 1 2, with unit-cell parameters a = 129.0, b = 119.8, c = 33.4 Å , and diffracted to 3.0 Å resolution. The asymmetric unit is likely to contain a single complex consisting of two toxin monomers and one antitoxin dimer. The second crystal form crystallized in space group P3 2 21, with unit-cell parameters a = 134.5, c = 55.4 Å . These crystals diffracted to 2.2 Å resolution and probably contain a complex with a different stoichiometry. Crystals of the C-terminal domain of HigA2 belonged to space group C2, with unit-cell parameters a = 115.4, b = 61.2, c = 73.8 Å , = 106.7 , and diffracted to 1.8 Å resolution. # 2013 International Union of Crystallography All rights reserved crystallization communications Acta Cryst. (2013). F69, 1052-1059 Hadži et al. HigBA2 toxin-antitoxin complex 1055 Figure 2 SAXS curves for the HigA2 antitoxin (a), the HigB2 toxin (b) and the HigBA2 complex (c). The experimental data are drawn in black and the error margins in grey. The insets show the corresponding Kratky plots.
Introduction
Toxin-antitoxin (TA) modules are stress-response units that are found in almost all free-living bacteria and in some archaea (for reviews, see Gerdes et al., 2005; Buts et al., 2005; Yamaguchi et al., 2011) . They were originally discovered on plasmids, where they are associated with plasmid maintenance through post-segregational killing (Gerdes et al., 1986) . TA modules are widespread in bacterial and archaeal chromosomes, where a variety of TA families can be present in multiple members per chromosome (Makarova et al., 2009; Leplae et al., 2011; Sevin & Barloy-Hubler, 2007; Pandey & Gerdes, 2005) . The physiological role of chromosomal TA modules is still a matter of extensive research. However, it has now been recognized that TA modules are strongly involved in stress response and probably promote cell survival in unfavourable growth conditions such as nutrient depletion or antibiotic and hypoxic stress Yamaguchi et al., 2011) . For several TA modules a direct link to cell dormancy, persistence and biofilm formation has been shown (Tripathi et al., 2012; Maisonneuve et al., 2011; Gonzá lez-Barrios et al., 2006; Keren et al., 2004) .
A typical TA module consists of an operon where a gene encoding a 'toxin' is preceded by a gene encoding a neutralizing 'antitoxin'. Antitoxins usually have a modular structure consisting of an intrinsically disordered toxin-neutralizing domain and a globular DNAbinding and dimerization domain (Li et al., 2008; Oberer et al., 2007; Madl et al., 2006; Loris et al., 2003) . The intrinsically disordered domain is observed to fold upon binding its cognate toxin (Kamada et al., 2003; Kamada & Hanaoka, 2005; Garcia-Pino et al., 2008 , 2010 Li et al., 2009; De Jonge et al., 2009; Brown et al., 2009; Drobnak et al., 2013) , resulting in a nontoxic complex. Another important functional feature of this intrinsically disordered domain is its high susceptibility to proteolytic degradation, which results in shorter half-lives of the antitoxins compared with their toxin counterparts (Lehnherr & Yarmolinsky, 1995; Van Melderen et al., 1996; Camacho et al., 2002) .
The higBA (host inhibition of growth) module was first discovered on plasmid Rts1 and has a gene organization that is inverted compared with most other TA operons (Tian et al., 1996) but that is shared with mqsRA (Yamaguchi et al., 2009; Kasari et al., 2010) and hicAB modules (Jørgensen et al., 2009) . Two higBA modules (termed higBA1 and higBA2 hereafter; see x2 for exact definitions) that are activated by amino-acid starvation are found in a large integron on the Vibrio cholerae chromosome II (Christensen-Dalsgaard & Gerdes, 2006; Christensen-Dalsgaard et al., 2010) . Both the higBA1 and the higBA2 modules from V. cholerae efficiently stabilize test plasmids in Escherichia coli (Christensen-Dalsgaard et al., 2010) , giving support to a hypothesis in which TA modules contribute to the genetic stability of the V. cholerae integron.
Based on sequence similarities, HigB toxins belong to the RelE superfamily, which further includes the YoeB, YafQ and YhaV toxins (Anantharaman & Aravind, 2003) . This group of toxins form part of a larger group of microbial endoribonucleases that also includes barnase (Mauguen et al., 1982) , RNase T1 (Heinemann & Saenger, 1982) and restrictocin (Yang & Moffat, 1996) . Chromosomal and plasmid-borne HigB toxins have been shown to stall protein translation in V. cholerae and E. coli (Budde et al., 2007; Christensen-Dalsgaard & Gerdes, 2006; Christensen-Dalsgaard et al., 2010) . HigB associates with ribosomes and is a ribosome-dependent endoribonuclease with a cleavage pattern similar to that of RelE (Hurley & Woychik, 2009; Christensen-Dalsgaard et al., 2010) .
The C-terminal domain of HigA antitoxins is predicted to belong to the cro-type helix-turn-helix (HTH) family of transcription factors. Interestingly, in most other cases DNA-binding domains are found at the N-termini of antitoxins. HigA1 from V. cholerae acts as an autorepressor in vivo (Budde et al., 2007) . Whether the HigB toxin is a co-repressor or not is currently unclear.
In this paper, we report the purification, crystallization and preliminary characterization by small-angle X-ray scattering and X-ray crystallography of HigBA2, the complex formed by the toxin and antitoxin genes (gene names VCA0468 and VCA0469) encoded by the second higBA operon from V. cholerae, as well as of the C-terminal domain of the HigA2 antitoxin. This makes V. cholerae higBA2 the first member of the higBA family for which structural information will become available for the full TA complex.
Materials and methods

Nomenclature
In this paper, the term higBA corresponds to any operon encoding members of the HigA and HigB protein family. When referring to the two V. cholerae higBA modules, they are always termed higBA1 and higBA2, respectively, as defined by Christensen- Dalsgaard & Gerdes (2006) . Their corresponding toxins and antitoxins are termed HigB1 and HigA1 and HigB2 and HigA2, respectively. The corresponding complexes are referred to as HigBA1 and HigBA2, respectively.
Expression and purification of the HigBA2 complex
The higBA2 locus (gene names VCA0468 and VCA0469) of V. cholerae strain N16961 (Heidelberg et al., 2000) was amplified from chromosomal DNA with the primers H6_MBP_NdeI_higBA2-f (C-CCCCATATGAAAAGTGTATTTGTCGAATCAAC) and higA2-down3 (CCCCCGGATCCGTTATAGCTCGGCTATGTGTG). The PCR product was digested with NdeI and BamHI and inserted into pOPTHM, resulting in plasmid pMCD103. Once the fragment had been cloned, its sequence was confirmed by dye dideoxynucleotide sequencing. The fragment containing higBA2 was then isolated from pMCD103 by digestion with NdeI and BamHI and ligated into plasmid pET15b+ (Novagen) also digested with NdeI and BamHI. In this construct, a His tag followed by a thrombin cleavage site (with sequence MGSSHHHHHHSSGLVPRGSH) is placed at the N-terminus of HigB2, which otherwise consists of its full-length wildtype sequence including the N-terminal methionine. HigA2 corresponds to the full-length wild-type protein without any modifications or tags ( Supplementary Fig. S1 1 ) .
The construct was transformed into E. coli BL21 (DE3) cells using the calcium chloride method. Cell cultures were grown in LB medium supplemented with ampicillin (100 mg l À1 ) at 310 K with aeration. Expression of the complex was induced by adding 1 mM IPTG when the OD 600 nm reached 0.6. 4 h post-induction, the cells were harvested by centrifugation and resuspended in lysis buffer containing protease inhibitors (200 mM NaCl, 50 mM Tris-HCl pH 8.0, 0.1 g l À1 AEBSF, 1 mg l À1 leupeptin, 1 mM EDTA). The cells were lysed using a cell cracker and the lysate was centrifuged (40 min at 25 000g) to remove cell debris.
The supernatant was loaded onto a 5 ml Ni-NTA column (Qiagen) equilibrated with 500 mM NaCl, 50 mM Tris-HCl pH 8.0. The column was washed with five column volumes of 1 M NaCl, 10% ethylene glycol, 50 mM Tris-HCl pH 8.0 to elute nonspecifically bound proteins. The HigBA2 complex was eluted with a linear gradient of imidazole (0.0-1.0 M in ten column volumes; 50 ml) in 200 mM NaCl, 50 mM Tris-HCl pH 8.0. Elution of the complex was observed at a concentration of 250 mM imidazole. The fractions containing the HigBA2 complex were pooled, concentrated and loaded onto a Superdex 75 HR gel-filtration column equilibrated with 200 mM NaCl, 20 mM Tris-HCl pH 8.0. The purity of the complex was analyzed by SDS-PAGE.
Purification of the antitoxin HigA2 from the HigBA2 complex
The HigBA2 complex from the cell lysate was bound to an Ni-NTA column and the column was subsequently washed to elute nonspecifically bound impurities as described above. The column was then washed with 5 M guanidine-HCl, 0.5 M NaCl, 50 mM Tris-HCl pH 8.0 to disrupt the HigBA2 complex. Surprisingly, little if any protein was eluted at this point. Column-bound proteins were refolded by washing the column with 5% glycerol, 25 mM NaCl, 25 mM Tris-HCl pH 8.0 followed by the same buffer with a lower (1%) glycerol concentration. Finally, proteins were eluted using a linear gradient of imidazole (0.0-1.0 M in ten column volumes; 50 ml) in 200 mM NaCl, 50 mM Tris-HCl pH 8.0. This resulted in three separate peaks corresponding to antitoxin, toxin and some non-separated complex. Each of these peaks was further purified on a Superdex 75 HR gelfiltration column in 200 mM NaCl, 20 mM Tris-HCl pH 8.0 buffer. The purity of the proteins was analyzed by SDS-PAGE. The identities of the toxin and antitoxin proteins in the bands that migrated with the expected molecular weights were further confirmed by N-terminal sequencing of the first five residues (performed by Alta-Bioscience, Birmingham, England). Toxin (HigB2) and antitoxin (HigA2) samples were both concentrated to 5 mg ml À1 in 200 mM NaCl, 20 mM Tris-HCl pH 8.0.
Small-angle X-ray scattering (SAXS)
SAXS experiments were performed during two sessions on the SWING beamline at the SOLEIL synchrotron, Gif-sur-Yvette, France in the HPLC mode (David & Pé rez, 2009 ). The HigBA2 complex was concentrated to 10 mg ml À1 in 50 mM HEPES pH 7.5, column which had been pre-equilibrated with the same buffer as used for the protein samples. Data were measured for 500 ms at 1 s intervals, with buffer data collected at the beginning of the chromatogram and data for the sample collected during peak elution, which enables the acquisition of data at different protein concentrations. The data were processed and analysed using the ATSAS package (Konarev et al., 2006) . The SAXS MoW application was used for estimation of the molecular weight of the proteins and protein complexes (Fischer et al., 2010) .
Crystallization
Crystallization conditions were screened by hanging-drop vapour diffusion at 293 K for all protein samples (toxin, antitoxin and complex). Hanging drops consisting of 1 ml protein solution and 1 ml precipitant solution were equilibrated against 110 ml precipitant solution in the reservoir. Crystallization conditions were tested using various commercially available screens: Crystal Screen and Crystal Screen 2 (Hampton Research), Morpheus, PACT premier and ProPlex (Molecular Dimensions) and Jena Classic (Jena Bioscience). The HigBA2 complex was used at 10 or 15 mg ml À1 in 200 mM NaCl, 20 mM Tris-HCl pH 8.0, while both the antitoxin HigA2 and the toxin HigB were used at 5 mg ml À1 in 200 mM NaCl, 20 mM Tris-HCl pH 8.0. The concentrations of the protein solutions were determined spectrophotometrically from the absorbance at 280 nm using extinction coefficients obtained from the method introduced by Gill & von Hippel (1989) . For the HigBA2 complex an extinction coefficient of 42 860 M À1 cm À1 was used, thereby assuming a 2:2 stoichiometry. In the case of HigA2, the extinction coefficient used of 11 000 M À1 cm À1 corresponds to an antitoxin dimer. These assumptions are based on molecular-weight estimates derived from analytical gel-filtration (data not shown) and SAXS experiments (see below).
Crystals of the HigBA2 complex were optimized using the microseeding method. 1 ml of the hanging-drop solution containing small crystals was diluted in 50 ml precipitant solution, vortexed and serially diluted (tenfold steps) to a maximum dilution of 10 À7 . Next, 1 ml of these seed dilutions was mixed with 1 ml protein solution and equilibrated against mother liquor.
Data collection and analysis
All data were measured on the PROXIMA1 beamline at the SOLEIL synchrotron (Gif-sur-Yvette, France) using a PILATUS 6M detector. Crystals were vitrified in liquid nitrogen by a brief soak in the cryosolutions listed in Table 1 . For HigBA2 crystal form I, X-ray diffraction data were measured using a wavelength of 0.9790 Å with a crystal-to-detector distance of 679.6 mm. By rotating the crystal through 180 in 0.2 increments, a total of 900 images were collected. Data for the second crystal form of the HigBA2 complex and for the HigA2 antitoxin crystals were collected in the same session using a wavelength of 0.9801 Å and a crystal-to-detector distance of 368.8 mm. These crystals were rotated through 120 in 0.2 increments and 600 diffraction images were collected in both cases. All data were indexed, integrated and scaled with XDS (Kabsch, 2010) . Analysis of the unit-cell contents and calculation of Matthews coefficients (Matthews, 1968; Kantardjieff & Rupp, 2003) Table 1 Crystallization conditions. Crystals of the same crystal form but obtained from different conditions were generally of similar quality. The 'best' data are represented in 
Figure 1
Expression and purification of proteins encoded by the higBA2 module. Lane 1, molecular-weight standards (labelled in kDa). Lane 2, soluble fraction before induction. Lane 3, soluble fraction after 4 h of induction with IPTG. Lane 4, purified HigBA2 complex. Lane 5, purified HigB2 toxin. Lane 6, purified HigA2 antitoxin.
Mass spectrometry
The protein contents of the different crystals were analyzed by mass spectrometry. Crystals were first washed three times with reservoir solution and once with distilled water. The washed crystals were then dissolved in distilled water (approximately 300 pmol protein per 100 ml) and these samples were further desalted on a C18 spin column (Perbio Science). Desalted samples were analyzed by ESI ion trap mass spectrometry (LTQ XL, Thermo Scientific) using direct infusion and the minimal ion source energy (ion surfaceinduced dissociation) to promote the efficient declustering of water molecules and salt adducts. Raw data were processed using the ProMass software (Thermo Scientific) to obtain deconvoluted spectra.
Results and discussion
The HigBA2 complex was purified to homogeneity from the cell lysate as shown in Fig. 1 . After disruption of the complex with high concentrations of denaturants, the toxin HigB2 and the antitoxin HigA2 were separated and successfully refolded on the column based on SDS-PAGE analysis and circular-dichroism (CD) spectroscopy ( Fig. 1 ; CD spectra for the HigB2 toxin and the HigA2 antitoxin are shown in Supplementary Fig. S2 ). Secondary-structure prediction based on the CD spectra using the K2D2 server (Perez-Iratxeta & Andrade-Navarro, 2008) suggested the presence of 12% -helix and 28% -strand for HigB2, while HigA2 was predicted to contain 50% -helix and 7% -strand. The hydrodynamic properties of the purified proteins and their complex were characterized with SAXS (Fig. 2) . The radius of gyration was estimated by Guinier analysis of the scattering curve at low angles (Guinier, 1939) . For all three proteins the Guinier plots were linear and the calculated radii of gyration were concentration-independent, indicating the absence of aggregation in the samples. The antitoxin HigA2 has a radius of gyration of 23.9 Å , and its estimated molecular weight of 27 kDa suggests that it is a dimer in solution (the expected molecular weight for a dimer is 23.4 kDa). This was expected since the HigA2 antitoxin has an HTH DNA-binding domain which is known to bind operator DNA as a dimer. The toxin HigB2 has a smaller radius of gyration of 19 Å and the molecular-weight estimate of 15.2 kDa corresponds almost exactly to the theoretical value for a monomer. The Kratky plots for both the antitoxin and the toxin show a prominent parabola followed by a linear increase at higher angles ( Figs. 2a and 2b) . This suggests that both proteins are globular with some flexibility present. In the case of HigB2 this flexibility is likely to reflect the presence of an N-terminal His tag (20 residues in total). The flexibility in the antitoxin HigA2, on the other hand, is expected to result from the intrinsically disordered region of its toxin-neutralizing N-terminal domain.
The HigBA2 complex has a radius of gyration of 31.2 Å with a molecular-weight estimate of 59 kDa. It is most likely that this complex is a heterotetramer formed by the association of one antitoxin dimer with two toxin monomers, which gives a theoretical molecular weight of 53 kDa. Kratky analysis of the complex was not performed owing to the low signal-to-noise ratio at higher scattering angles in this data set.
For the three samples screened, crystals could be obtained for the HigBA2 complex and for the HigA2 antitoxin. No crystals have been obtained to date for the HigB2 toxin. The first crystal form of the HigBA2 complex appeared after one week in several conditions, as listed in Table 1 . The crystals initially appeared as short needles and could be further optimized by microseeding to obtain large needle-shaped crystals (Fig. 3a) . These crystals consistently diffracted to between 3.1 and 3.0 Å resolution (Fig. 4a ) and belonged to space group P2 1 2 1 2, with unit-cell parameters a = 129.0, b = 119.8, c = 33.4 Å . Data-collection statistics are given in Table 2 . The calculation of Matthews coefficients further supported the presence of one complex with stoichiometry HigA2 2 :HigB2 2 in the asymmetric unit (V M = 2.43 Å 3 Da À1 , corresponding to 49% solvent content). SDS-PAGE analysis of these crystals revealed that they contained both toxin and antitoxin (Fig. 3b, lane 1) . This was further confirmed by massspectrometric analysis, where the determined experimental masses corresponded to the full-length HigA2 and HigB2 proteins (Fig. 5a) .
A second crystal form of HigBA2 was observed after approximately eight months in a condition consisting of 200 mM ammonium sulfate, 100 mM sodium cacodylate trihydrate pH 6.5, 30%(w/v) PEG 8000 (Fig. 3c) . These crystals belonged to space group P3 2 21, with unit-cell parameters a = 134.5, c = 55.4 Å , and diffracted to 2.2 Å resolution (Fig. 4b) . Data-collection statistics are given in Table 2 .
Analysis of the crystal content by SDS-PAGE shows multiple bands corresponding to the toxin, the antitoxin, a possible toxin-degradation product and an unknown contaminant with higher molecular weight (Fig. 3b, lane 2) . Mass-spectrometric analysis of these crystals confirmed these results and showed the presence of mainly full-length toxin and antitoxin (Fig. 5b) . A smaller peak at approximately 13.9 kDa is likely to correspond to the toxin-degradation product, which lacks eight amino-acid residues at the C-terminus. In contrast to the mass spectrum of crystal form I, the intensity of the antitoxin peak in crystal form II is much higher than the corresponding intensity of the toxin peak. This suggests that this crystal form might contain complexes with different stoichiometry, likely HigA2 2 :HigB2. It is possible that the toxin is partially degraded during the long period of crystal growth (Figs. 3b and 5b) , thereby enabling a complex with a higher antitoxin:toxin ratio to crystallize. The calculation of Matthews coefficients assuming a HigA2 2 :HigB2 stoichiometry shows that either one (V M = 3.81 Å 3 Da À1 , corresponding to 67.7% solvent content) or two (V M = 1.90 Å 3 Da À1 , corresponding to 35.4% solvent content) such complexes can be accommodated in the asymmetric unit.
The crystallization of antitoxins is often nontrivial because of their intrinsically disordered region that is involved in toxin neutralization. Rhomboid-shaped crystals of HigA2 appeared in 100 mM Tris-HCl pH 8.5, 200 mM calcium chloride, 20%(w/v) PEG 4000 after a few months (Fig. 3d ). The crystals belonged to space group C2, with unitcell parameters a = 115.4, b = 61.2, c = 73.8 Å , = 106.7 , and diffracted to 1.8 Å resolution (Fig. 4c ). Data-collection statistics are given in Table 2 . SDS-PAGE analysis of redissolved crystals showed them to contain a degradation product of around 10 kDa (Fig. 3b) , which is likely to correspond to the C-terminal HTH domain, as the N-terminal domain is predicted to be intrinsically disordered and therefore very unlikely to crystallize.
There has been continued interest in the structural biology of toxin-antitoxin modules in recent years, and structures of the complexes of most major type II TA modules have become available (Bøggild et al., 2012; Brown et al., 2009; Dalton & Crosson, 2010; De Jonge et al., 2009; Kamada et al., 2003; Kamada & Hanaoka, 2005; Khoo et al., 2007; Li et al., 2009; Maté et al., 2012; Mattison et al., 2006; Meinhart et al., 2003; Schumacher et al., 2009; Takagi et al., 2005) . A notable exception here is the higBA family, for which only the structure of the HigA antitoxin from Coxiella burnetii CBU_1490 (PDB entry 3trb; 15% sequence identity to V. cholerae HigA2; J. Cheung, M. Franklin, M. Rudolph, M. Cassidy, E. Gary, F. Burshteyn & J. Love, unpublished work) is known. Interestingly, the HTH DNAbinding domain of HigA from C. burnetii is at the N-terminus of the protein and not at the C-terminus as in HigA2 from V. cholerae and other HigA members. This is also observed in the structure from E. coli CFT073 (PDB entry 2ict; Arbing et al., 2010) that was first identified as HigA and later reassigned as YddM from the VapA/ VapI family. A search for similar structures in the Protein Data Bank also identifies the uncharacterized HTH-type transcriptional regulator YbaQ (PDB entry 2eby; RIKEN Structural Genomics/Proteomics Initiative, unpublished work) and a putative antidote protein of a plasmid-maintenance system (PDB entry 3cec; Joint Center for Structural Genomics, unpublished work). All of these structures are similar to each other but differ from HigA2 from V. cholerae in the location of the HTH DNA-binding domain at the N-terminus, which is followed by a long -helix. It is very likely that these structures all belong to the VapA/VapI family of antitoxins. Thus, V. cholerae HigA2 remains the first true HigA family member for which structural information has become available.
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